Abstract -How can a marine company best combine people, process and technology to optimize its Product Innovation system for advanced, complex products produced at low volumes? This paper discusses the possibility of using the Lean concept to improve the company's product development system. The operational context of the case company is analyzed up against the framework of Morgan and Liker's 13 Lean Product Development (LPD) principles. Our hypothesis is that although the business context of the case company is radically different from Toyota, several principles and practices will still be applicable once 'contextualized'. A workshop was held with a multidisciplinary product team to assess the practices of the company relative to LPD. The team evaluated current company practices and desired future practices. The results are summarized and discussed herein. It is concluded that the original LPD principles have a varying degree of applicability to the context of the case company.
I. INTRODUCTION
The competitive pressure in the marine sector is steadily increasing due to globalization and the widespread economic crisis in the oil and gas industry. To sustain in this turmoil, companies must develop and deliver more desirable products ahead of their competitors-before technology or market changes. However, it is not possible to sustain competitive in the market place solely by improving efficiency, reducing prices and outsourcing production. The key is to focus on value creation as a basis for successful innovation, and with this comes the need for development of novel products and manufacturing technology. In this context, the marine industry in Norway is challenged to develop more innovative products and manufacturing technology. However, the lack of investments in the marine sector during the last decades is a barrier for leveraging innovation capabilities.
In many industrial sectors-such as aerospace and automotive industry-lean has made a major contribution to manufacturing efficiency. In the long run, however, improvement in manufacturing alone will not ensure competitive advantage since the cost of a product is largely determined at the planning and design stage. For many type of products, as much as 70% of the manufacturing cost is locked-in in the design phase [1] .
In the 1970s, companies experienced that the introduction of robotics, flexible manufacturing and computer integrated manufacturing did not provide the benefits expected. Many companies experienced that investing in a robot is easy compared to the challenge of successfully implementing a new product into production. In other words, successful new product introduction relies heavily on creating a strong interface between design and manufacturing, such that process and design considerations are collectively considered in order to deliver productivity improvements promised by new manufacturing technologies [2] . Design, function and implementation of advanced manufacturing technologies are directly related to the product to be produced-and vice versa.
In this paper, we ask the question: How can a company operating in the marine business (best) combine people, process and technology to optimize its Product Innovation system. We seek to answer this question by addressing Lean Product Development (LPD), discussing the applicability of Lean to the context of product development of advanced, high-value products produced at low volumes in the marine business.
The reminder of this paper is organized as follows: Section 2 present the operational context at glance. Section 3 presents relevant literature on LPD, including Morgan and Liker's 13 principles of LPD, which has been used as a basis for assessing the applicability of the Lean concept to the business context considered herein. Section 4 discusses the applicability of LPD in the operational context considered. Finally, Section 5 presents some concluding remarks.
II. OPERATIONAL CONTEXT
The applicability of Lean Product Development (LPD) principles will be investigated in connection with a large global company's marine division. This company operates in a B2B market, where the customer also typically is a marine company. Part of the marine division is located along the western coastline of Norway with local research and development, and production operations. The value chain is relatively dispersed with local responsibility for product and customer specific issues. The operational procedures and standards, on the other hand, are part of global cooperate practices where sub-functions supporting the product value stream, such as Lean production, systems thinking, etc. are rolled out. The operational practices are very much heuristic with local site standards, thus forming strong sub-cultures within the global company.
The products are mostly large, complex products with strict requirements to operating life. Here, we use the term complex to reflect the large number of (customized)
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E.L. Synnes 1 , T. Welo 2, components in each product (typically more than 100), the multidisciplinary skills required to deliver the product to customer (production process) and the geometry of components (and products). Each product variant is produced in limited volume, and the production process/system can be characterized as Engineer-to-order (ETO). The products are mainly delivering a set of functions, and the customers' main concern is that the product is working according to a set of prescribed criteria and requirements, which commonly change during the course of the product development process.
Up until today high quality, functionality and productivity (lead-time) have been the basic elements for competitive advantage in the company. The production technology infrastructure is tailored to low-volume. For example, machining operations are largely already automated in CNC machining centers, whereas assembly operations, quality control and dimensional verification typically involve a large amount of manual labor. Due to high labor costs, it has been increasingly challenging to produce these type of products in Norway. A need has therefore been identified to extend the company's capabilities in new automation solutions for manufacturing operations. However, this type of products is not well supported by common arguments for automated assembly: Firstly, automation usually requires high volume of standardized parts. Secondly, the product size is another factor that adds complexity to automation.
The company uses a business process named Product Introduction & Lifecycle Management (PILM) to bring products and services to market, and to support the endof-life cycle. While PILM is used for the whole product and supply chain, Manufacturing Capability Readiness Level (MCRL) and Technology Readiness Level (TRL) are internal subsystems on process and technology level, respectively. These cooperate processes are typically inherited in the marine sector from other business sectors, which operate under different terms and conditions. The interface between these processes can be difficult to manage, since competence is multidisciplinary and geographically spread in the dispersed value chain of the company.
III. LITTERATURE

A. Lean Product Development
Lean is usually associated with production of physical products, typically at high volumes. More recently, sources in the literature are discussing the application of the lean concept in the new product development (NPD) process [3] [4] [5] [6] [7] . Lean product development (LPD) is a philosophy suitable to improve efficiency in product development with basis in customer value. The Toyota Production System (TPS) is perhaps the most well-known example of successful lean processes put into action. However, the application of Lean, especially outside the manufacturing area, is not straightforward and there are only a few examples outside Toyota [5] . In 2006, Liker & Morgan [8] presents 13 management principles thatright or wrong-can be considered as a foundation for LPD, emphasizing a system's model where all the principles are mutually supportive. Hence, Lean is a highly interrelated system, in which elements interact, overlap, are interdependent, and work together as a coherent whole. One of the key insights of Liker and Morgan's [8] research is that changes made to one subsystem will always have implications for the other. Also, to succeed in putting Lean into practice, it is not enough to implement a few tools since LPD requires a cultural transformation into a learning organization [8] .
According to a literature review on Lean engineering by Baines et al. [7] , a successful implementation of lean requires organization-wide changes to systems, practices, and behaviors. Lean is said to be as much about creating the right culture, strategy and environment as it is about developing tools and techniques. According to McManus [9] , the most important element in Lean (engineering) is to focus on understanding the customer and end-user value expectations for the product. Another important element is to choose products and architectures, which may be upgraded or improved in future product offerings-i.e. standardization and continuous improvement.
One other important element of LPD is Set-Based Concurrent Engineering (SBCE). As oppose to a pointbased design strategy, SBCE is successively excluding non-viable and non-sustainable solutions by identifying limits and constraints [10] [11] [12] . The designer looks first for the weaker design solutions, using a funneling approach to reduce number of feasible design. Instead of designing from top down, the actual system configuration evolves from creative combinations of multiple solution sets [7] . SBCE imposes agreed constraints across different functions to ensure that a final sub-system solution, chosen from a set of alternatives from a particular function, will work with convergent solution from all other functions. SBCE focuses on keeping the design space open as long as possible. The paradox [5] of SBCE is that considering a broader range of concepts will delay some decisions, but in return the whole process will be faster and more efficient. During the design process each alternative is evaluated, trade-offs are made, weaker solutions are eliminated and new ones are created, often by combining components in new ways [6, 7, 12] . Haque [6] , with basis in literature, argues that a set-based design is a key element of LPD. Generally, "point designs"-i.e., highly optimized and specialized solutions to specific problems-are not good lean engineering candidates. This, is according to McManus [9] , due to the fact that a set-based approach is favorable to address uncertainty.
A related issue at management or system level is removing high-risk technology from the critical path of product development. For example, technology demonstrators can remove risk of unplanned delays [9] .
Compared to other Product Development theories and methods, LPD has strong focus on value and waste-and separating the two categories-compared to Lean manufacturing, becoming "Lean" is more associated with increasing value than removing waste when applied in NPD [3] . Moreover, since the lean concept in NPD is related to information and knowledge transformationunlike the production of a physical product-it is more difficult to separate value from waste in NPD [13] . One of the key elements is important to initiate and execute value-creating activities with the correct information input. According to Browning [3] , lack of value within the product development system is usually a result of having the wrong input rather than doing activities that are unnecessary. A design iteration that can be eliminated without value-loss is waste removal. Without an integrated and synchronized process to organize activities, however, doing value-added activities does not guarantee a value-adding result [3] .
IV. METHODOLOGY
The operational context of the case company was analyzed up against the framework of Morgan and Liker's [5] including 13 LPD principles presented in their earlier study of the Toyota Product Development System. A workshop was held with a multidisciplinary product team to assess the practices of the company relative to the set of LPD principles. In addition, lessons learned from an internal technology project were used as input in the discussions with the survey team. This project particularly explored automated assembly of large, complex products, see [14] . The project was selected since it was considered too well represent the contextual challenges analyzed in this article. Hence, the development of an automated production solution for the case product required concurrent development of new technology, a new product design and a new production process, leading to multiple changes in existing practices and capabilities.
The workshop included people from the following functions: Programme Management, Engineering and Manufacturing Engineering. The workshop included the following steps: First, an assessment sheet was sent to each participant for an individual scoring. The input from the participants was collected and analyzed. This was followed by a workshop where the analyzed material was assessed and discussed to ensure common understanding. After the workshop, each attendee was given the opportunity to review the result and provide additional input. The result of the assessment is presented in Table 1 .
V. RESULTS AND DISCUSSION
The variety of product development activities in the case company span from product line extensions to development of unproven technologies and processes. The team suggested that a so-called set-based approach might be favorable when the outcome is unknown and the cost of rework is high. Also, when dealing with manufacturability issues the set-based approach is advantageous, especially when the product relies on technology with limited experiences, or involves new or advanced materials and processes [11] . On the other hand, an iterative strategy-more point-based design strategyis usually beneficial when the quality of the first guess is high, cost of re-work is low and feedback is fast.
In the case company, prototype customized products are often sold to customers, which require extensive work for preparing documentation, ensuring quality, etc. According to the survey team, this can (early) lead to a point-based design, focusing on optimization of the chosen solution rather than exploring alternative solutions. Here the use of more demonstrators upfront for rapid learning was highlighted as an important countermeasure. Such demonstrators/ "proof of concepts" can be used both at sub-system and system level. Further, this can be used as learning and early feedback for field service, a function that is involved later in the product life-cycle. Prototypes and demonstrators are important artefacts [15] to verify that results are not achieved at the cost of functional requirements, or any other compromises that degrade the final value of the product.
One of the main findings in the workshop is that although all the LPD principles are considered important in themselves, they have a varying degree of applicability in the setting of the case company. As an example, due to low-volume it is common to adapt a product to fit into a specific production process, thereby filling up the production line to achieve economies of scale. On the other hand, there are major trade-offs to be made between what the customer wants (ETO), and standardization of products and components. Another element regarding standardization and modularization emphasized by the survey team is the need for interface control for adding changes to design during ETO or later sub-optimization during sustained engineering.
In the case project considered, it appeared that a small team was doing "skunk work" outside business-as-usual working outside the existing boundaries of their departments to develop the new capabilities necessary. This turned out to be an efficient way of resolving specific technology challenges. Moreover, introducing "new-to-the-company" type technology in product realization projects is a major challenge since it enforces the company`s existing capabilities to change [14] . Front load the product development process. The mentality of making things work creates a risk of operating in "start-up" mode, being impatient in the concept phase, and focusing on one solution.
Seamless integration of product and process. Demonstrators for rapid learning to optimize the solution both at sub-systems and systems level.
Medium
Medium Allocate sufficient resources (funding) early on in the project, competing with short term tasks.
Create a leveled Product Development process flow. To some extent leveled today. Resources that are not fully dedicated to the project are more difficult to utilize. Main challenge is prioritization of daily production over PD in case of urgency. 
VI. CONCLUDING REMARKS
The LPD principles proposed by Morgan and Liker [5] have a varying degree of applicability to the context of the case company studied herein. In practice, the principles need to be contextualized since they are of guiding nature. As an example, standardization is key, especially in lowvolume production due to cost. However, the assessment made emphasized major trade-off between standardization and flexibility to create value for the customer.
Based on our assessment of LPD practices, and with support from the selected case project, we have identified several areas that have potential to strengthen the PD process in the case company once contextualized to the marine sector at glance. The most apparent areas are:
1. Use a set-based approach in combination with demonstrators to leverage rapid learning and optimized solutions. 2. Seamless integration between functional areas, especially integration of manufacturing early in the PD process to prevent waste later in the process; e.g., design loopbacks. Avoid formal, gate-type hand-overs and an "over the wall approach" that can be a hindrance to pace in the project. 3. Enforce equal authority of all functions in the project team. This research supports insights of Liker and Morgan's [8] research reflecting that changes made to one subsystem will always have implications for the other. Hence, it is not enough to implement a few lean tools, as achieving leanness in PD requires transformation into a learning organization. Based on continuous learning from projects, following a set-based design strategy, the company can build T-shaped people [16] and improve integration between functions and phases in the PD process.
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